Rye (Secale cereale L.) chromosome translocation is reported to enhance yield attributes in common wheat (Triticum aestivum L.). We used 1RS translocations within the spring wheat cultivar "Pavon76" to measure and identify the translocation that is suitable to withstand moisture stress conditions without significant loss in yield potential. Four lines were grown under two water regimes in greenhouse environment in 2011 and 2012. The rye translocation increased root and shoot biomass in some cases, reduced plant height, and delayed maturity in some cases. The 1RS.1BL translocation produced the highest grain yield associated with the lowest root and shoot biomass under both well watered and water stressed conditions. Root and shoot biomass were recorded the highest for 1RS.1AL under well watered condition. However it produced the least biomass for both traits under water stressed conditions. In most cases, lines were not statistically differentiated for seminal root angle, abscisic acid concentration, water use efficiency, and grain yield. Results from our study show that the 1RS.1BL translocation is more suited to produce high grain yield under moisture limiting conditions.
gated production systems [1] . Under water deficit conditions, plants ability to produce sufficient above and below ground biomass is highly reduced, which consequently affects the grain yield [2] [3] . Enhanced plant root can maximize extraction of soil moisture during drought conditions [4] . Rye (Secale cereale L.), one of the temperate cereals is known for its highly developed root system and wide adaptation during abiotic stresses such as drought, heat, and cold conditions, but its production is limited due to inferior grain quality when compared with common bread wheat [5] [6]. Introgression of rye genetic material into wheat has provided wide variability in wheat breeding programs [7] . Wheat lines containing a segment of short arm of rye choromosome-1 (1RS) on the long-arm of chromosome-1 (1AL, 1BL or 1DL) in the form of translocation have been identified to provide better grain yield, disease resistance, and wider adaptation than the lines without translocations [8] [9] [10] . Understanding physiological and morphological mechanisms of drought tolerance in wheat cultivars with 1RS translocation could help plant breeders to develop cultivars with improved adaptation to drought.
Villareal et al. [8] used recombinant inbred lines created by crossing spring and winter wheat developed by Texas A & M University and International Wheat and Maize Improvement Center (CIMMYT) to study the effect of 1RS.1AL translocation on their agronomic performance under optimum and limited water environments. In this study, the 1RS.1AL translocation showed higher grain yield, above ground biomass, and spikes per unit area under normal growing conditions [8] . The ability of translocation lines to perform better in moisture stressed conditions may be due to root system functionality. In a comprehensive review, [11] highlighted the importance of root architecture and density to improve crop yield potential under water limiting conditions. Manschadi et al. [18] reported that drought tolerant wheat had compact root, uniform rooting pattern, greater root length at depth, and narrower seminal root axes angle. The study also reported that cultivar "SeriM82", expressing narrower seminal root angle, produced up to 14.5% more grain in water-deficit environments than cultivars adapted to environments with optimum moisture levels. Ehdaie et al. [10] used 1RS, 2RS, and 2RL translocations on "Pavon76" and "Chinese Spring" background to study their effects on root biomass, water-use efficiency and agronomic traits. They reported that the 1RS translocation increased root biomass with positive correlation of root biomass with grain yield whereas, the 2RS and 2RL translocations were not found to be significantly associated with either above or the belowground characteristics [10] . Among 1RS translocations, 1RS.1AL and 1RS.1DL showed increased grain yield and enhanced root system when exposed to stress environments [10] . In another study, Ehdaie et al. [12] used identical genetic materials and reported similar grain yield for non-translocation line under moisture stress conditions which was due to genes influencing the adaptive phenotypic plasticity of the root system of spring wheat line Pavon76. The adaptive plasticity can be a result of plants' physiological response to contrasting growing conditions. For instance, in maize (Zea mays L.), as an adaptive response, both root and leaf abscisic acid (ABA) levels were found to be elevated when exposed to drought conditions [13] [14] .
Studies conducted with specific rye chromosome translocations have shown varying results. Gray bosch et al. [15] did not notice any significant effects of 1RS.1AL translocation on grain yield of hard red winter wheat lines. McKendry et al. [16] studied 1RS.1BL translocation in 40 F-9 derived sister lines of two soft red winter wheats grown at diverse Missouri wheat growing regions and reported non-significant effect on grain yield, kernel weight, spikelet per head, grain per spikelet, and harvest index (HI). On the other hand, Villareal et al. [17] [18] used the same chromosomal translocation and found significant positive effects of the translocation on grain yield and test weight. These studies show that rye-wheat translocations can demonstrate varied response for different above and below ground characteristics when introgressed into different genetic background. Objectives of our study were: 1) to determine seminal root angle, ABA concentration, and yield related traits for 1AL, 1BL, and 1DL wheat-rye translocations on cultivar Pavon76; 2) to identify wheat-rye chromosomal translocation that is more suited for moisture stress conditions.
Materials and Methods

Plant Material
Cultivar Pavon76, a white spring wheat was developed by International Maize and Wheat Improvement Center (CIMMYT) in 1976 for production under irrigated system. Chromosomal translocations of short arm of rye chromosome 1 (i.e. 1RS) with long arm of chromosome group 1 in Pavon76 were created by Lukaszewski [19] producing translocation lines 1RS.1AL, 1RS.1BL, and 1RS.1DL. These translocation lines and cultivar Pavon76 with normal chromosomes were used in our greenhouse study conducted in fall of 2011 and 2012. In the second year, plants were grown in the dome shaped heated plastic house (hoop house) so that other on-going projects within the breeding program could be better arranged in the greenhouse used in the first year. In order to be used in this study, these plant materials were provided by Adam J. Lukaszewski at University of California, Riverside.
Root Angle Study
Root observation box slightly modified from the one that is described by Bengough et al. [20] was used to determine seminal root angle. The observation box was constructed using two glass plates measuring 30 cm × 210 cm × 0.8 cm. A moist blotting paper was laid on one of the glass plates to serve as platform for germinating seeds. Ten seeds of each line were surface sterilized in 75% alcohol solution and then attached to the blotting paper using 2% Phytagel (Sigma-Aldrich, Inc., St. Louis, MO, USA) within each observation box. Acrylic spacers of 0.5 cm thick were used to separate two glass plates so that seeds can germinate and grow on the blotting paper. Metal binding clips (5 cm wide) were used to clamp two glass sheets. On the eighth day, observation boxes were scanned on a HP Scanjet 4670 flatbed scanner (HP, Palo Alto, California, USA) and the angle between two outermost seminal roots (first pair of seminal roots) was measured using a protractor.
Phenotypic Measurements
Five healthy seedlings of each line selected from the root angle study were planted into pots filled with sterilized potting mixture of 1/3 sand, soil and commercial potting mix "Sunshine #1" (sphagnum peat moss, coarse perlite, starter nutrient charge with Gypsum, dolomitic limestone) and grown in the greenhouse at South Dakota State University. Temperature in the greenhouse was maintained at ~25˚C. Each pot contained one seedling. All pots were placed within empty 2L buckets to hold the leached water. Pots were arranged in randomized complete block (RCB) design separated into 2 water treatments; well-watered and water stressed. Starting on the day of transplant, 500 ml (496 g) water was applied to all pots every 3 -4 days until booting stage or Feekes growth scale 10 as described by Large [21] . Following booting stage, the watering was continued in similar fashion for plants in the well watered treatment, whereas the drought treatment received only half the amount (248 g) every 4 -5 days until maturity. Eight control pots without seedlings were planted to estimate the total amount of water used by plants during the growing season. Phenological data was recorded for plant height, tiller plant −1 , spike plant −1 , spike length, dry shoot biomass, dry root biomass, grain weight, and days to heading. For the 2012 study, measurements of spike length, tiller plant −1 , and days to heading were discontinued due to minimal variations among lines grown in 2011. At maturity, plants in each pot were cut at the soil level to assess root and shoot biomass. Shoot biomass was measured before threshing spikes from each pot. Roots from each line were washed and dried at 140˚C for 48 hours, before measuring dry root biomass. Water use efficiency (WUE), stress tolerance index (STI), and harvest index (HI) were calculated for tested lines grown in each water regime using following formulae: WUE = BiomassT/ΨT − (Ψevap + ΨL) [22] where, Biomass T = total dry biomass (root + shoot) in g, ΨT − (Ψevap + ΨL) = total water used in kg (i.e. ΨT = total water applied, Ψevap = total water evaporated, ΨL = total water leached) STI = (Yp)(Ys)/(Ῡp) 2 [22] where, Yp = line grain weight (g) in well water environment Ys = line grain weight (g) in water stress environment Ῡp = mean grain weight (g) in well water environment over all lines HI = GW/A bio where, GW = grain weight A bio = dry above ground biomass.
Abscisic Acid Content (ABA)
Leaf ABA content was measured for all lines tested over both years using Liquid Chromatography-Mass Spectrometry method (LC/MS). Leaf samples (1.5 g) obtained from middle section of fully grown healthy leaves were sent to Proteomics and Mass Spectrometry at Donald Danforth Plant Science Center, St Louis, MO for ABA analysis. In 2011, the ABA assay was conducted in duplicates for each line within each treatment, whereas in 2012 growing season, the assay was run for three leaf samples for each line within each treatment.
Statistical Analysis
All data measured in both trials were subjected to analysis of variance (ANOVA) using PROC GLM in SAS statistical software [23] . Significance of effects was tested at P > 0.05. Due to significant year-by-treatment effects for all measured traits except ABA content, analyses hereby are presented separately for different growing years (data not shown). This may be due to contrasting weather (such as natural light) when plants were growing or it may be due to the differences between the greenhouses used in two years.
Results and Discussion
Effects of Water Regimes
Separate ANOVA was conducted for each experiment carried out in 2011 and 2012. The water regime had highly significant effects on all traits measure in both years except for plant height in 2012 ( Table 1 ). The effect of lines used in this study had significant effect on dry root and dry shoot biomass in 2011 whereas in 2012 the line effect was non-significant for all traits. Interaction of line-by-treatment showed significant impact for dry root in both 2011 and 2012 whereas only spike per plant had significant line effect in 2012 ( Table 1) . Significance level of water regime was higher than that of line or the interaction of line with water regime ( Table 1) .
Seminal Root Angle
Seminal root angle was measure in only 2011 trial. The mean seminal root angles were measure from all seeds that germinated for each line. Only line Pavon76 had all ten seeds germinated and were developed enough to measure the angles. The 1RS.1AL, 1RS.1BL and 1RS.1DL had eight, seven, and six readings taken respectively. The mean seminal root angle ranged from 81.71˚ (1RS.1BL) to 104.4˚ (1RS.1AL) and the lines were not statistically different (LSD 0.05 ) which may be due to variations within lines across replications ( Table 2 ). In some instances, angles differences among the reading were more than double within the same line. Root architecture is considered as one of the major attributes of drought adaptive crops. We measured angle between the two outermost seminal roots during first pair seminal root phase. Previous studies on seminal root angle reported lower values, which could be due to their measurement of the angle between primary seminal root and one of the first pair of seminal roots and also using entirely different genotypes than the ones used in our study [24] [25]. Further, Manschadi et al. [1] reported that a narrower seminal root angle was associated with higher grain yield in moisture limiting condition. In our study, narrowest seminal root angle was recorded for 1RS.1BL which yielded better than other lines tested in this study ( Table 3) . We conducted correlation analysis of seminal root angle with other measured traits and did not find significant correlation with any of the traits measured. Christopher et al. [26] reported similar results to ours where they did not observe any significant correlation between grain yield and root angle, however, they found weak correlation with the seminal root number. More study is needed to confirm the association of root architecture and seed yield in bread wheat.
Phenological Traits
Tiller plant −1 , spike length, days to heading, and WUE were measured only in the 2011 trial. The measurement of these traits was discontinued in 2012 due to lack of statistical significance among lines for these traits when grown under two water regimes in the study. Average tiller plant −1 ranged from 7.2 (Pavon76 and 1RS.1AL) to 8.75 (1RS.1DL) and 6.6 (1RS.1BL) to 8.25 (1RS.1DL) for well watered and water stressed treatments respectively. The differences between WUE of lines used in this study were very narrow. The difference between the most and the least efficient lines was higher in water stressed treatment (i.e. 0.77 g biomass per kilogram of water). For spike length, the 1RS.1AL produced the longest spikes within well water treatment, whereas Pavon76 had the longest spikes in drought treatment. In both treatments 1RS.1DL produced the shortest spikes, however, the values were not statistically significant ( Table 3) . Maturity is consistent among the tested lines in both treatments with 1RS.1BL being the earliest maturing and 1RS.1AL the latest. Plant height, spike per plant, total dry biomass (root and shoot), yield, harvest index, and ABA content were measured in both experiment experimental years. Differences in plant height were observed between Pavon76 and its translocation lines. In 2011 well water treatment, lines showed significant differences for plant height, dry root biomass, harvest index, spike length, and days to heading, whereas in the water stress treatment, only spike per plant was observed to be significantly different among the lines. Numerically, plant height of 1RS.1BL decreased about 30% when exposed to water stressed condition followed by Pavon76, 1RS.1DL, and 1RS.1AL. The 1RS translocation consistently reduced plant height; however, statistical significance was seen only for well watered treatment in 2011. Height was also affected by water regime in both years. When exposed to water limiting conditions, the most detrimental height effect was seen on 1RS.1AL with more than 7 cm reduction. This finding was consistent with the findings of a study done by Ehdaie et al. [10] , where 1RS.1AL was noted the tallest under a well water condition, but in a water stressed condition Pavon76 was noted to be the tallest. The 1RS.1AL produced the highest biomass (root and shoot) in both water regimes in 2011, however, the grain yield was not increase proportionately, thus the low harvest index ( Table 3 ). The STI of lines ranged from 0.42 (1RS.1AL) to 0.66 (1RS.1BL) in 2011 whereas in 2012 the range was from 0.16 (1RS.1AL) to 0.44 (1RS.1BL). The STI values clearly suggest that translocation 1RS.1BL copes water stress better than other lines. In 2011, the 1RS.1BL showed the highest biomass in both treatments, which suggests that this line consistently partitioned its photosynthates to grain production. The root biomass showed positive trend with shoot biomass under both water regimes, which suggests that increasing the performance of one trait does not necessarily hinder the other trait. This also suggests that a good shoot system is may produce and provide necessary assimilates needed to develop a healthy root system. However, increasing root biomass does not necessarily increases the grain yield. A study done on Arabidopsis (A. thaliana) and its mutants reported that inhibition of lateral root development is a distinctive drought adaptive response [27] . This could be the reason why 1RS.1BL produced higher grain yield despite producing lower root biomass. Further study with focusing more than one aspect of root system may be required to consolidate this finding.
In 2012, the tested lines did not show significant differences for the measured traits within well water treatment, whereas in drought treatment, lines could be statistically distinguished for only spike per plant and dry root biomass ( Table 4) . Non-significant values for majority of lines in the second year could be due to high variations within measurements taken for each line for these traits. In the second year, plants were grown in plastic hoop house and due to prolonged cold and cloudy days in late fall 2012 and early winter 2013, plants stayed green for longer period of time which subsequently delayed maturity of all lines. This might have contributed to steep variations across replications of the measured trait. From the numeric perspective, like the first year, highest amount of biomass in well water treatment was produced by 1RS.1AL. Also, harvest index of 1RS.1BL was consistently higher than its counterparts in both treatments. Unexpectedly, in 2012 water stress treatment, 1RS.1DL produced the highest total biomass associated with highest number of spike per plant. However, the grain yield was the least. This could be due to unfilled spikes. We used PROC REG in SAS to observe association of dry shoot biomass with grain. There was significant correlation between the two only when the average values of each line were used and not when the whole data set was used. The correlation result was not conclusive due to having only four points to infer. Therefore, the result is not presented. 
Physiological Trait
One of the major physiological responses of plants when exposed to water deficit environment is the elevation of ABA content. In our study, the lines showed inconsistent levels of ABA in water stress treatment. In 2011, the 1RS.1BL had the highest level of ABA whereas in 2012, the highest level was observed for 1RS.1DL (Table  4) . Westgate et al. [28] reported up to 30 folds increase in wheat leaf ABA content when grown in drought condition. In our study, even though there was significant influence of water regime on ABA content, the variation was not as much. The differences between average ABA content among the tested lines, especially in water stress treatments (both years) are numerically very wide yet not statistically different when considered within each water regime, which could be due lower number of replications and missed values which greatly reduced the power to predict the statistical significance. In the first year, two leaf samples from each line were evaluated where two lines had only one measurement determined due to missing analytical error. In our study, leaf ABA concentration was significantly influenced by the Studies on maize showed that root and leaf ABA concentration during drought plays a vital role in drought adaptive response of the crop and argued that chromosome loci controlling the ABA content is also responsible for other drought related traits such as stomatal conductance, root architecture, leaf temperature, etc. [13] [14] [29] . In our study, 1RS.1BL consistently produced higher ABA concentration than other lines which could have played role in its elevated grain yield under water stressed conditions.
Conclusion
The results from this study show that 1RS rye chromosomal translocation to 1BL of wheat is more suited to tolerate moisture stress than the other chromosomal translocations tested. When exposed to water stressed condition, the 1RS.1BL translocation line accumulated more of its photosynthates on grain than other plant parts. The 1RS.1AL consistently produced higher number of spikes and total biomass under the well watered condition in both years, but the spike number (hence the grain weight) significantly decreased under moisture limiting conditions. This suggests that the 1AL translocation is desirable if the goal of a breeding program is to develop lines for environments that are not likely to be exposed to severe moisture deficit. Our greenhouse study attempted to identify suitable rye chromosome (1RS) translocation with the aim of developing lines that are more adaptive to moisture stress conditions. Greenhouse studies do not always simulate the natural growing conditions for plants. Therefore, in order to further consolidate our findings, a field study is essential. In addition, the use of wheat in daily food products may demand the testing of translocation lines for quality attributes within a breeding program. Results from our study show that drought adaptation is a complex trait and may involve several systems within the plant to function as a whole.
